Abstract: Current rates of CO2 emissions into the atmosphere are causing severe impacts on the planet. To reduce, or at least stabilize, CO2 concentrations in the atmosphere technological solutions will be needed, such as enhancing biological C-fixation, thus capturing and storing CO2. Following this premise, the capture of carbon content in flue gas emissions (one important anthropogenic source of CO2) would contribute to the decrease of this gas in the atmosphere.
INTRODUCTION
After many years of research, microalgae biotechnological applications are becoming a reality, and microalgae biomass is being recognized as a sustainable biological resource [1] . Microalgae biomass can be used as source of bioactive compounds for the pharmaceutical and nutraceutical industries, as food for aquaculture, as feedstock for biofuel production, as environmental indicators, as agricultural fertilizer, wastewater treatment and environmental bioremediation, biosequestration of CO 2 , water and air pollution impact mitigation [2, 3] . For example, numerous microalgae genera (e.g. Chlorella, Nanochloropsis, Arthrospira) are reported to produce polyunsaturated fatty acids (PUFAs), which are essential for human health; Pseudomonas chlororaphis produces a compound that catalyses the degradation of pyoverdin in seawater; microalgae such as Chlorella, Desmodesus, and diatoms species have high lipid content with potential for biodiesel production; and Spirulina is widely used by the nutraceutical industry [4] [5] [6] . Other microalgae species commonly used for commercial applications include Dunaliella salina, Botryococcus braunii, Haematococcus pluvialis, Arthrospira sp. and Nannochloropsis sp. The aspiration to use microalgae biomass is based on their photosynthetic efficiency in bio-converting CO 2 , high biomass productivity, high lipid accumulation, and their valuable non-fuel co-products [7] .
However, large-scale production of microalgae biomass still encounters bottlenecks that need to be overcame, such as finding suitable species for cultivation, optimizing processes and costs in production, fluctuation in international oil prices (and the cost-benefits of microalgae biofuel versus fossil fuels), and finding more government and private investments in the field. Possible solutions to overcome these bottlenecks in production include: a) replacing costly culture media for cheaper fertilizer-made medium; b) use of biorefinerybases production, i.e., using microalgae to produce more than one final compound (co-products production increase the market value of the biomass); c) finding cheaper and widely available sources for the various nutrients (carbon, nitrogen, phosphorous, minerals and other micronutrients) [2, 3, 8, 9] . According to this view, a potential source of carbon for microalgae cultivation that is starting to be explored is flue gases [10] [11] [12] [13] . Carbon from flue gas can be used by microalgae in order to produce valuable biomass [11, 14] . Microalgae has a high capacity of carbon capture (∼4.8kg CO 2 /kg), which is 10-50 times more efficient than terrestrial plants also used for biofuel production (e.g. Jatropha sp.) [10] . Considering that CO 2 is a major greenhouse gas, and that its atmospheric concentration increased from the 280 ppm, before industrial revolution, to 390 ppm (in 2013), the high carbon capture capacity of microalgae represents a promising mitigation alternative. Power plants and industry sectors, combined, account for 60% of total CO 2 emissions [15] . Thus, the potential of microalgae to capture the CO 2 from flue gas emissions and convert it in valuable biomass represents an important alternative to reduce greenhouse gases and, therefore, it is worth being investigated. Some studies [10, 12, 13, 16, 17] are already testing this alternative. Given that flue gas is widely available due to industrial production, and given its harmful effects to the environment and the planet climate, studying the use of flue gas as carbon source for microalgae cultivation could tackle both the production costs of algae cultivation and the mitigation of environmental impacts. Therefore, in this study we aimed to verify both these possibilities: of using flue gas as cheaper source of carbon for microalgae cultivation at the same time that the production of this biomass reduces CO 2 emissions. In searching for a microalgae that would be a good candidate for these purposes, we evaluated the growth of four new strains of microalgae cultures (two marine and two freshwater) during direct injection of flue gas, at three different CO 2 concentrations. By using both marine and freshwater cultures we could evaluate the potential for CO 2 mitigation of microalgae growing in these two different media. The potential use of marine microalgae presents additional advantage, since it can be grown with seawater, not competing for freshwater resources. Furthermore, by using both marine and freshwater cultures we could assess the different effect of flue gas on the pH of these cultures.
MATERIAL AND METHODS

Microalgal Cultures
Four cultures from the Spanish Bank of Algae (Banco Español de Algas -BEA) at the Marine Biotechnology Center (MBC) in Gran Canaria, Spain, were used in this study. Two were freshwater (FW) cultures (EDAR-T1 and Stigeoclonium sp.) and two were marine (SW) cultures (SAH-9Y and Phormidium sp.) ( Table 1) .
Culture Conditions
Microalga were grown under direct sunlight in a greenhouse with no rooftop at the MBC (mean irradiance and temperature inside greenhouse were 11400 KJ m -2 d -1 , and 23°C, respectively). Cultures were inoculated in 8-L polystyrene bottle photobioreactors (PBR) filled with 5L of culture medium, with constant aeration. Culture media was made by using agricultural fertilizers as source of nitrate and phosphate [18] . The nutrients were added to freshwater or seawater, according to the corresponding salinity of the microalgal culture.
Flue Gas Source
The flue gas used in the experiments was produced by the combustion of liquefied natural gas (LNG) in a burner built for this purpose at the MBC. The exhaust of the burner was connected to a compressor that fed the flue gases directly into the pressurized system that injected air into the PBR. The average CO 2 concentration of the flue gas produced by the burner was 3.17%. We also measured the concentration of CO (44%), SO 2 (32.6%), NO x (18.7%), and O 2 (15.5%). Thus total C (CO 2 + CO) entering the system reached ca. 47%.
Preliminary pH Test
Preliminary tests were made to evaluate if the pH of the culture would became too acidic for the microalgae when aerated with flue gas. For this test, two algae cultures were used, one freshwater (Stigeoclonium sp.) and one marine (SAH-9Y). The flue gas was added at three different concentrations: 0% (control, no flue gas was added, the culture was aerated only with atmospheric (atm) CO 2 ), 50%, (a mix of 50% flue gas and 50% atm CO 2 ) and 100% of flue gas injection. Each of these treatments was carried in triplicates. Flue gas 
EDAR-T1
Freshwater Culture harvested from sewage treatment tanks of the wastewater treatment plant (WWTP) of Gran Canaria, which contained cyanabacteria and chlorophytes [18] .
Phormidium sp. Seawater Monoculture; filamentous cyanobacteria.
SAH-9Y Seawater
Culture harvested from the coast of Sahara desert containing various species of cyanobacteria.
was injected in the cultures 5h per day without interruption. Flue gas flow was interrupted during the other 19h. Tests were carried out for 4 days. pH was measured before addition of flue gas into the system, every hour during aeration with flue gas, and again, 24h after, before starting the new injections of flue gas.
Flue Gas Experiment
Flue gas was injected in the cultures at three concentrations: 0%, 50% and 100%, as described above. Flue gas was injected uninterruptedly into the cultures during 5h every day, starting at 9 am. Triplicate cultures of the four microalga described in Table 1 were used in the tests. The experiment was carried out for 12 days. Flue gas composition at the exhaust of the burner and pH values of the cultures were evaluated at first and last hour of the 5h injection period. Aliquots of 50 ml of each microalgae culture were collected daily within the first hour of flue gas injection and the volume was replaced with fresh culture medium. The samples were used to determine dry weight (DW), which was used to follow the growth of the cultures.
RESULTS
Effect of Flue Gas Injection on the Cultures pH
The preliminary pH tests showed that, after flue gas started to be added to the cultures, the pH dropped slightly during the first hour, but as flue gases continued to be injected during the following four hours each day, pH stayed stable, returning to the initial value after 24h (i.e., 19h after flue gas additions were ended) (Figure 1) . This same pattern was observed for both the freshwater culture Stigeoclonium sp. and for the marine culture SAH-9Y. The treatment with no addition of flue gas (0%) had little pH variation.
Initial pH values were around 9 for the freshwater, and around 8 for the marine culture. After addition of flue gas, the minimum pH reached was 7.58 for the freshwater, and 6.95 for the marine culture. After 24h, pH values returned to the original levels ( Table 2) .
Although pH values were lower (including initial values) in the seawater treatment, the pH variation was slightly lower than the freshwater treatment (Figure 1 and Table 2 ). Even though we did not measure microalgae biomass during the pre-test, we observed that the microalgae kept growing, not being affected by the pH decrease. ) of the hourly measurement of pH, during 4 days, i.e. average of four days of measurement of pH at the first hour after flue gas was added, after 2h and so on. Graph A shows the pH for the freshwater culture of Stigeoclonium sp. and graph B for the marine culture SAH-9Y, and for the three concentration in which flue gas was added: 0%, 50%, and 100%. The pH had a little drop after flue gas started to be added, but returned to the initial value after 24h (19h after cessing adding flue gas).
Effect of Flue Gas Injection on Algal Growth
Gases concentration in the flue gas was measured daily during the experiments. The average gas concentration was: 3.17% of CO 2 , 44% of CO, 32.6% of SO 2, 18.7% of NO x , 15.5% of O 2 . If we consider total C (CO 2 + CO) present in flue gas and entering the system, it reached ca. 48%.
All microalgal cultures tested, in all treatments, did not seem to be affected by addition of flue gas, and, in fact, were able not only to sustain their biomass, but also to grow (Figure 2) . Despite the fact that a constant volume of 50 ml of the cultures were removed daily (i.e., the increase in biomass was removed and replaced with new medium), most cultures kept a constant biomass (this means that the cultures were growing in the same rate as the dilutions were made) or showed some increase in biomass (i.e., they were growing in a rate even higher than the dilutions) ( Figure  2) . Interestingly, the treatment with 100% flue gas showed a higher growth than the other treatments for three (Phormidium sp., EDAR, and SAH-9y) out of four microalgae. For Stigeoclonium sp. we did not observe difference between the treatments.
Initial values of pH ranged from ca. 8 to 10 in all treatments, which is consistent with pH of dense algal cultures. No sharp drop in the pH was observed during the experiments due to the addition of flue gas, the lowest pH observed being 6.98 in the EDAR culture for the 100% treatment, which is not a pH that compromises the growth of microalgae.
DISCUSSION
Microalgae, a third generation feedstock for biofuel, emerges as viable option for partly sequestering CO 2 emissions [10] . The possibility of coupling C sequestration with production of valuable products by building integrated refineries (e.g. to produce biofuel and pharmaceutical or nutraceutical compounds) adds value to the entire process. However, the process of sequestering CO 2 by microalgae, i.e. biological fixation of CO 2 , depends on a series of factors such as the specific physiology of each microalgae species, cultures growth conditions, tolerance to the source of CO 2 (for example, flue gas), physical chemical parameters (such as temperature, light, nutrients and pH), and possible inhibiting compounds that come with the source of CO 2 (such as SO) [19] . These factors have to be analyzed to test the feasibility of producing microalgae biomass to capture and store CO 2 . Because the entire process depends on the particular characteristics of each microalgae species, the search for a microalgae that would be a good candidate (i.e., tolerates high temperature and CO 2 concentrations, and also the presence of SO 2 , NO x ) is an important part of the process. Here we have experimentally tested the tolerance of four microalgae cultures to flue gas additions, with all four of them being able to grow with this source of carbon. The use of two marine microalgae strains, which had positive growth, added a new perspective to these results, since it extends the possibility of producing green biomass from biological fixation of CO 2 by cultures that can be grown using seawater, i.e., cultures that do not compete for freshwater resources.
One of the possible inhibiting factors that emerge with additions of high concentrations of CO 2 is acidification of the medium. The pH of an aquatic medium is dependent on the chemical equilibrium and solubility of the most common forms of dissolved inorganic carbon (DIC) in the water: CO 2 , bicarbonate (HCO 3 -) and carbonate (CO 3 2-). CO 2 concentrations in the atmosphere (0.038%) usually do not cause significant changes in pH when added to algal cultures. However, CO 2 in flue gases can reach concentrations up to 20% [19] , with an average between 3-13% [14, 20] . CO 2 concentrations at this level can significantly decrease the pH, which can inhibit algal growth. Thus, we have tested if, by aerating our cultures with flue gas, it would cause a drop in the pH that would affect the growth of the microalgae being tested. During both our preliminary test and the flue gas test, there was a drop in the pH values, but it did not reach inhibitory levels and the growth of the cultures was not affected. The concentration of CO 2 in our flue gas, although being much higher (100x higher) than atmospheric CO 2 concentrations, was in the lower range (3.17%) of concentrations that can be produced during combustion. However, considering the total C entering the system (i.e., CO 2 + CO), we reach concentrations of ca. 47%. Nevertheless, we have to consider that higher CO 2 concentrations might have caused more accentuated drops in the pH, which might have affected algal growth. The tolerance to low pH values will be very species dependent. Sung et al. [21] , for example, showed that acclimated Chlorella sp. can tolerate pH below 4.0. Some studies have made theoretical calculations about the potential of microalgae to use C from flue gas, finding that it could tolerate higher amounts than the ones we used [10] . However, fewer studies have really tested, experimentally, if microalgae can tolerate flue gas additions. In our study we tested the tolerance of microalgae to flue gas in real experimental conditions, with in situ solar irradiation levels and temperature conditions, and using commercially available agricultural fertilizers as sources of N and P. This brings the tests conditions closer to what would be feasible and economically viable for really applying this alternative to sequester carbon, and to produce viable green biomass for the production of biofuel or other commercially interesting compound.
Furthermore, our marine strains tested showed a slightly lower pH variation. This shows another advantage of using marine microalgae species. Because of the buffer capacity of seawater, this kind of medium is less susceptible to pH variation, and therefore, has a greater potential to be used to cultivate microalgae that will receive high concentrations of CO 2 .
As discussed by Maeda et al. [22] , there are two ways to fix CO 2 from flue gas emissions: one is to separate the CO 2 from the flue gases mixture, and another is to use it directly. To use it directly is more convenient, both economically and energetically. However it has the disadvantages of the high temperature of the flue gas and the presence of SO x and NO x . In our experiment, we have used flue gas directly to aerate our microalgae cultures. The four microalgal cultures, two marine and two freshwater, responded well to this source of CO 2 . No culture was inhibited, on the opposite, they kept growing throughout the experiment. In fact, three cultures (Phormidium sp., EDAR, and SAH9y) had the highest growth on the treatment receiving 100% flue gas aeration. CO 2 removal by microalgae can range from 1.5% to 92% (with most studies showing an average removal of 50%) [11] . Thus, in the 100% flue gas treatment, there was more CO 2 available, which probably was being all utilized by the microalgae. Even though there were potential inhibiting gases in the flue gas mixture (SO 2 and NO x ), we did not observe inhibition on algal growth. Having used both marine and freshwater cultures, shows the potential of utilizing microalgae able to grow on either of these media. Although most studies have used freshwater species, the use of marine microalgae have a series of advantages, as we have presented above.
The ultimate objective of the UN Framework Convention on Climate Change [23] is the stabilization of greenhouse gases (GHG) concentration in the atmosphere. For this stabilization to occur, the rate that GHG are added to the atmosphere has to equal the rate that these gases are removed from the atmosphere [24] . Since natural systems are not being able to capture all CO 2 currently being added to the atmosphere, technological options for reducing CO 2 emissions have being raised, such as increasing the efficiency of energy conversion and/or utilization, switching to less carbon intensive fuels, increasing the use of renewable energy sources, sequestering CO 2 by enhancing biological absorption capacity, capturing and storing CO 2 chemically or physically [24] . However, many of the scenario models made by IPCC show that, considering the current emissions, probably more than one alternative will have to be applied to achieve sustainable CO 2 levels. This shows the importance of finding viable solutions for carbon capture and storage. If a solution for carbon capture can also be coupled with production of biofuels that emit little or no net CO 2 , which is also an option to reduce GHG emissions, this solution would have double benefits in reducing and capturing CO 2 .
Here we have shown the potential of four different microalgae cultures to utilize CO 2 from flue gas to produce green biomass. We have also recently shown the potential to utilize this biomass to produce, efficiently, biogas [25] . These results show the potential of coupling the capture of CO 2 with the production of biofuels trough the cultivation of microalgae biomass.
CONCLUSIONS
Carbon biological fixation by microalgae is regarded as a potential technology to capture CO 2 at the same time that it produces green biomass with many biotechnological applications, one of them being the production of biofuels. However, although efforts have been made to develop this technology, there are still many limiting factors that must be solved. In this article we have tackled some points that needed to be addressed in order to evaluate the possibility of using microalgae to fixate and reduce CO 2 emissions. In searching for a good candidate to utilize flue gas emissions (i.e., a resistant species), we have shown four microalgae cultures (two of them being marine microalgae cultures) that were able to keep a positive growth when injected with flue gas, and which were also grown under in situ light and temperature conditions, and with cheap N and P sources. Furthermore, we observe no inhibition of these cultures by the other gases present in the flue gas or by pH variation. This shows the potential to use both freshwater and marine microalgal cultures to utilize flue gas as source of carbon. Besides capturing CO 2 , the use of flue gas as carbon source for microalgae growth makes the whole cultivation process cheaper, contributing to the development of viable culturing techniques to the sustainable production of green biomass with many biotechnological applications.
